We study a lattice model of interacting Dirac fermions in (2 + 1) dimension space-time with an SU(4) symmetry. While increasing interaction strength, this model undergoes a continuous quantum phase transition from the weakly interacting Dirac semimetal to a fully gapped and nondegenerate phase without condensing any Dirac fermion bilinear mass operator. This unusual mechanism for mass generation is consistent with recent studies of interacting topological insulators/superconductors, and also consistent with recent progresses in lattice QCD community.
Introduction. In the Standard Model of particle physics, all the matter fields, quarks and leptons, acquire their mass from "spontaneous symmetry breaking", or equivalently the condensation of the Higgs field [1] [2] [3] . The Higgs field couples to the bilinear mass operator of the Dirac fermion matter fields (except for the neutrinos), and hence the matters acquire a mass in the condensate. In the context of correlated electron systems, mass generation (or gap opening) due to interaction is also often a consequence of spontaneous symmetry breaking and the development of certain long-range order. For example, in a superconductor the Cooper pairs condense, which spontaneously breaks the U (1) charge symmetry of the electrons, and as a result the electrons acquire a mass gap at the Fermi surface. So, consensus has that, in strongly interacting fermionic systems (either in condensed matter or high energy physics), mass (or gap) generation is usually related to spontaneous symmetry breaking and the condensation of a fermion bilinear operator [4] .
However, in condensed matter systems there exists an alternative mechanism for mass generation, which does not involve any spontaneous symmetry breaking or long range order. The most well-known example is the fractional quantum Hall state, where a partially filled Landau level, which would be gapless without interaction, is driven into a fully gapped state by strong interaction. This gapped state has an unusual topological order and topological ground state degeneracy [5, 6] . Recently, it was discovered that the phenomenon of "mass generation without symmetry breaking" can happen even without topological order. This mechanism was discovered in the context of interacting topological insulators, it was found that some topological insulators/superconductors can be trivialized by interaction. Or in other words their boundary states, which without interaction are gapless Dirac fermions or Majorana fermions at one lower dimension, can be completely gapped out by interaction without topological degeneracy or condensing any fermion bilinear mass operator [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
This new mechanism of mass generation was tested and confirmed numerically by both condensed matter [20] and lattice QCD [21] [22] [23] physicists, using quantum Monte Carlo simulation methods. These works provide evidence that the massless Dirac fermion phase and the massive quantum phase without any fermion mass condensation are connected by a single continuous quantum phase transition.
In this Letter, we construct a microscopic model in (2 + 1) dimension (D) with four flavors of complex fermions, by employing large-scale quantum Monte Carlo (QMC) simulations in an unbiased manner. We find that there indeed exists a single interaction-driven Dirac semimetal (DSM) to featureless Mott insulator (FMI) phase transition, which is continuous and does not involve any spontaneous symmetry breaking. We also provide analysis of scaling behavior at this novel quantum critical point.
Model and Method. We construct a model Hamiltonian with four-flavors of fermion on a 2D honeycomb lattice at half-filling with SU (4) symmetry: It is straightforward to check that, if we keep the system at half-filling, then analogous to the usual case in graphene, all the lattice symmetries, such as 60
• rotation, reflection, translation, time-reversal, etc, together with the SU (4) flavor symmetry and particle-hole symmetry c rα → (−1) r c † rα prohibit the gap opening of the Dirac fermions in the noninteracting limit, namely any fermion bilinear mass operator of the Dirac fermion will break at least one of the symmetries.
To explore the ground state properties of the model in Eq. (1) in the presence of interaction, we employ projector determinantal quantum Monte Carlo method [24, 25] , details of this calculation are presented in Sec. I of the supplemental material [26] . As discussed there, QMC is immune from minus-sign-problem for both V > 0 and V < 0 cases. Comparisons between exact diagonalization and QMC simulations on a 2 × 2 system (8 lattice sites) are carried out for sanity check. Numerical verification of the SU (4) symmetry of the model is also performed and presented in Sec. IV of supplemental material [26] . In this Letter, we focus on the V > 0 case and the system sizes simulated are L = 3, 6, 9, 12, 15, 18. We denote N s = 2L 2 as the total number of lattice sites and N = L 2 as number of unit cells.
Ground state phase diagram. The phase diagram of the SU (4) symmetric model in Eq. (1) is presented in Fig. 1(c) . Two quantum phases, a gapless Dirac Semimetal and a featureless Mott insulator, are observed respectively. Furthermore, they are connected by a continuous quantum phase transition located at V c /t = 2.00 ± 0.05. While increasing interaction strength V /t, we observe no spontaneous symmetry breaking. The FMI is gapped in both fermionic and bosonic channels (shown later) without any symmetry breaking.
The FMI is easy to understand from the V → +∞ limit. Since the interaction is on-site, it is easy to perceive that, when V → +∞, the ground state is
where |0 ξ is the vacuum of ξ fermions, andĤ int |Ψ g = −V N s |Ψ g (this state is at half-filling written with the c r,α fermions). |Ψ g is a direct product state of SU (4) [25] . The transition from the weakly interacting DSM to the strongly coupled FMI as a function of V /t is the main issue that we explore in this Letter. As it will become clear in the following, a direct continuous quantum phase transition from DSM to FMI is revealed by our QMC simulations. More importantly, there is no spontaneous symmetry breaking and no fermion bilinear condensation across this transition.
O(6) order vectors and excitation gaps. To verify our conclusion, we need to analyze the behavior of all the Dirac fermion mass operators. Because there is only onsite interaction in our model, we will focus on Dirac mass operators that are defined on-site, which is most likely favored by the interaction at the mean field level. We begin with order parameters that transform as a vector under SU (4) symmetry. Such order parameters can be combined into two sets of SO(6) ∼ SU (4) vector φ and pseudo-vector ψ [26]:
and the SO(6) symmetry rotates the six components to one another, respectively. The fact that φ and ψ are mass operators of the Dirac fermions is more explicitly in the basis of ξ r fermions. In the long-wave-length limit, we can express ξ r in terms of the low-energy modes as ξ r ∼ ξ K e iK·r + ξ K ′ e −iK·r . The low-energy effective band Hamiltonian reads
The operators φ+ iψ are SU (4) flavor-mixing pairings of the ξ r fermions, which takes the form of M αβ ξ K,α ξ K ′ ,β (α, β = 1, 2, 3, 4 label the flavors) with M being a (full rank) 4 × 4 anti-symmetric matrix. The six orthogonal basis of the 4 × 4 anti-symmetric matrices correspond to the six components in φ+iψ. It is easy to see that φ+iψ can gap out the Dirac fermions, which are potentially favored to order at the mean field level.
Due to the SU (4) symmetry, the correlation functions φ r,α φ r ′ ,α must be identical for all α. The same condition holds for ψ. This is numerically checked and shown in Sec. IV of supplemental material [26] .
To determine whether the system develops long-range orders in φ and ψ with increasing V /t, we measure their structure factors as follows,
where i, j label unit cells. Through the extrapolation of P (Γ)/N and Q(Γ)/N over inverse system size 1/L, we can obtain the value of φ and ψ in the thermodynamic limit. The results for V /t = 1.8 ∼ 2.5 across the phase transition are shown in Fig. 2 (a) and (b), and insets are the extrapolated values. We notice that the Q(Γ)/N is one order of magnitude smaller than P (Γ)/N . Combining the results of P (Γ)/N and Q(Γ)/N , we conclude that neither φ l nor ψ l develops long-range order.
As for the dynamic properties, the single-particle (fermion) gap can be extracted from dynamic singleparticle Green's function as, where
−∆sp(k)τ under the limit τ → ∞ and ∆ sp (k) is the single-particle gap. Similarly, the bosonic gap ∆ b (Γ) can be extracted from the following dynamic correlation as,
where
Note that the bosonic gaps extracted from φ l correlation and ψ l correlation should be equal, which has also been numerically confirmed (see suplemental material Sec. IV [26] ). Both results of the single-particle gap and the bosonic gap are shown in Fig. 3 . Through the extrapolation of the gap, we observe that the single-particle gap opens at V /t = 2.0 ∼ 2.05, while the bosonic gap opens at V /t = 1.95 ∼ 2.0. This tiny difference between the critical points extracted from fermionic and bosonic gap is attributed to finite-size effect, and the possibility of an intermediate phase with either φ r or ψ r long-range order can be ruled out, as otherwise, the single-particle gap should open before the bosonic gap while increasing V . Combining all data above, we conclude that the DSM-FMI phase transition occurs at V c /t = 2.00 ± 0.05.
Other possible long-range orders. In addition to the Conclusions. We find a continuous DSM-FMI transition without any spontaneous symmetry breaking in a simple model of four-flavor fermions with SU (4) symmetry. The quantum critical point at V c /t = 2.00 ± 0.05 separate the gapless Dirac semimetal from the featureless Mott insulator. Such new mechanism of mass generation without fermion bilinear condensation is consistent with previous studies from the lattice QCD community [21-23]. More interestingly, in our investigations, the excitation gaps and an exhaustive exclusion of symmetry breaking are for the first time being directly accessed and a large anomalous dimension η at the DSM-FMI transition is revealed. Projector quantum Monte Carlo (PQMC) is the zero-temperature version of determinantal QMC algorithm [24, 25] . It obtains the ground-state observables by carrying out imaginary time evolution starting from a trial wavefunction that has overlap with the true many-body ground state. The ground-state expectation value of physical observable is calculated as follows,
where |ψ T is the trial wave function and Θ is the projection parameter. During the simulation, we choose |ψ T to be the ground state of the following single-particle Hamiltonian,
for every fermion flavor α and Ψ 0 = he/c is the flux quantum. The quantity Ψ/Ψ 0 = 10 −4 is chosen to lift the ground state degeneracy in |ψ T at the K and K ′ points where Dirac cones touch. For the model on honeycomb lattice, we perform QMC simulations on finite systems with linear size L and lattice site N s = 2L 2 with periodic boundary conditions. To ensure that we have indeed projected out the ground state of the system, we choose Θt = L + 47, in which the smallest Θt = 50 is applied for L = 3 systems and the largest Θt = 75 is used for L = 18 systems. The imaginary time discretization of ∆τ t = 0.05 is applied for all the simulations.
B. Absence of sign problem of the SU (4) symmetric model
To be able to perform QMC simulations, the absence of the minus-sign-problem is crucial, in this part, we discuss the reason that the SU (4) symmetric model in the main text is immune from the notorious minus-sign-problem.
The SU (4) symmetric model reads,
First of all, we rewrite the interaction termĤ int aŝ
whereD r = c † r1 c r2 + c † r3 c r4 . In the last expression, we insert a imaginary unit i to guarantee that the hopping term (iD l − iD † l ) is Hermitian. We further splitĤ int into two parts, the kinetic partĤ K (noteĤ K is different fromĤ band ) and the current partĤ C , asĤ
Then we can write the expression e −ΘĤ in the partition function Z = Tr{e −ΘĤ } as, To prove the absence of sign-problem for the V > 0 case, we introduce a particle-hole transformation as follows
apply (i) to Eq. (S3), one can see that bothĤ band andĤ int are invariant as
Thus, the model Hamiltonian in Eq. (S3) is invariant under the particle-hole transformation (i) in Eq. (S7).
To prove the absence of sign-problem for the V < 0 case, we introduce another particle-hole transformation as follows
the particle-hole transformation in Eq. (S9) is different from the one in Eq. (S7) only up to simple sign. With (ii),
(S10) Thus, the model Hamiltonian in Eq. (S3) is also invariant under the particle-hole transformation (ii) defined in Eq. (S9). Now we apply the HS transformation (i) for V > 0. In the QMC, we decouple the interaction termĤ int with the HS transformation of four-component Ising fields,
where ξ V = ∆τ V /4, the auxiliary field {x = ±1, ±2} live on the (2 + 1)D space-time lattice, and the coefficients γ(x), η(x) can be found in Refs. [18, 24, 25] . We can furthermore separate the hopping terms of α = 1, 2 from those of α = 3, 4,
We perform the particle-hole transformation (i) for the part with α = 1, 2, c one can observe that after the particle-hole transformation (i), the determinant related to the α = 1, 2 flavors becomes complex-conjugate to the determinant related to the α = 3, 4 flavor, and as the partition function is a product of the determinants for α = 1, 2 and α = 3, 4, the configurational weight for every HS field is positive definite. For V < 0, adopting the HS transformation as follows, we have
where ξ V = −∆τ V /4. After the HS transformations, we can again separate the hopping terms with α = 1, 2 from those with α = 3, 4
We perform the particle-hole transformation (ii) for the part with α = 1, 2,
Again one sees that after the particle-hole transformation (ii), the determinant related to α = 1, 2 is complex-conjugate to the determinant related to α = 3, 4. Thus the SU (4) symmetric model in Eq. (S3) with V < 0 also has all its configurational weight positive definite, i.e., no sign-problem during the QMC simulation.
II. GROUND STATE ANALYSIS
First of all, for V < 0 case, the exact ground state wavefunction ofĤ int in Eq. (S3) can be written as
and we haveĤ int |Ψ r = +V |Ψ r . Thus, at V → −∞, we can obtain the exact many-body wavefunction of the model Hamiltonian presented in Eq. (S3) as
We can explicitly observe that the state described by Eq. (S19) is a direct product state, which is free from fermion bilinear condensates. Alternatively, for V > 0 case, the exact ground state wavefunction ofĤ int can be expressed as
where we haveĤ int |Ψ r = −V |Ψ r . Similarly, at V → +∞, we can obtain the exact many-body wavefunction of the model Hamiltonian presented in Eq. (S3) as
This is also a direct product state.
From the above analysis, we can see that at both limits V → +∞ and V → −∞, the model in Eq. (S3) possesses a unique ground state, which can be expressed as direct product state in real space. They both represent featureless Mott insulator, since both of them preserve all the lattice symmetry, SU (4) symmetry and particle-hole symmetry, which together rule out all possible fermion bilinear mass terms. Furthermore, as shown in the main text, even away from the ideal V → ∞ limit, the featureless Mott insulator is stable for a range of parameters, and there is no symmetry breaking in the ground state. 
IV. SANITY CHECK OF QMC SIMULATIONS
We have also carried out sanity check to make sure that the QMC simulation results of the SU (4) symmetric model in Eq. (S3) are correct in all respects. The first check is the comparison between QMC and exact diagonalization (ED) on a 2 × 2 unit cells system with 8 sites. Second, we have numerically verified the SU (4) symmetry of the model in Eq. (S3). Third, we present raw data of dynamic correlations to show that the extracted excitation gaps from QMC simulations are of high quality.
A. Comparison between QMC and ED
We measure the energy densities ( H t = Ĥ band /N s and H V = Ĥ int /N s ) and the structure factors (P (Γ)/N ) for the model of Eq. (S3) to compare the QMC and ED results. We have also measured the effective order parameter for the SU (4) symmetric model defined as,
According to Hellmann-Feynman theorem, the expectation value ofρ is actually the fist-order derivative of total energy per site over the model parameter V . So we can use this quantity to determine whether the V -driven phase transition is of first-order or continuous, depending on whether ρ is diverging or continuous around the phase transition point.
As for structure factor, P (Γ)/N , it is the O(6) vector order φ l defined in Eq. (3) in main text. During the QMC simulations of the 2 × 2 systems, we choose a special set of parameters Θt = 35, ∆τ t = 0.01 due to the small system size. The comparisons of QMC and ED results are presented in Fig. S3 . We can observe that the results from QMC and from ED are well consistent with each other.
B. Numerical verification of SU (4) symmetry
The SU (4) symmetry of the model Hamiltonian in Eq. (S3) guarantees that the structure factors for all the six components in φ l are exactly the same for finite-size systems (no spontaneous symmetry breaking), and the same holds for the six components in ψ l as well. Moreover, during QMC implementation, we observe that after applying the Wick theorem, the equalities of φ l1 φ r1 ≡ φ l4 φ r4 and φ l2 φ r2 ≡ φ l5 φ r5 hold at the operator level. This suggests that we only need to compare φ lα , α = 1, 2, 3, 6 components, the same holds for ψ l orders. Similarly, due to the SU (4) symmetry, the structure factors of every component S n (Γ)/N for the n l order should be exactly equal for finite-size systems, while the structure factors of every component S m (Γ)/N for the m l order are also exactly the same.
To numerically verify the SU (4) symmetry, we compare the results of structure factors of 4 components in φ l vector and ψ l vector of L = 6, 9 systems, respectively. The results are shown in Fig. S4 (a), (b) . Alternatively, we also compare the results of structure factors of 6 components in n l vector and 3 components in m l vector of L = 6, 9 systems. The results are shown in Fig. S4 (c), (d) . The results are well consistent with our expectations, so within errorbars the SU (4) symmetry of the model Hamiltonian in Eq. (S3) is indeed confirmed by our QMC simulations.
C. Raw data of dynamic correlation functions
In Fig. (3) of the main text, we have presented the data of excitation gaps in both fermionic and bosonic channels, from which we extrapolate the gap values in thermodynamic limit. Here, we show some raw data of both dynamic single-particle Green's function G(K, τ ) and the dynamic correlation function P (Γ, τ ) for the φ l orders, to demonstrate that the excitation gaps in Fig. (3) in the main text are extracted from good quality imaginary-time displaced data. G(K, τ ) is defined in Eq. (4) in the main text, and P (Γ, τ ) is defined in Eq. (5) in the main text.
The results of G(K, τ ) and P (Γ, τ ) with increasing τ in semilogarithmic coordinate are shown in Fig. S5 (a) and (b). We can observe that the lines in Fig. S5 are prefectly linear at long time (large τ ). The slopes of these linear lines are the corresponding values of excitation gaps. 
V. CONTINUOUS DSM-FMI PHASE TRANSITION
In the main text, we present numerical results supporting a direct DSM-FMI phase transition, and in the whole V region there is no spontaneous symmetry breaking. However, since there is no nonzero local order parameter for the model Hamiltonian to distinguish the Dirac Semimetal and the featureless Mott insulator, it's difficult to determine whether the direct DSM-FMI phase transition is of first-order or continuous. Here we present the numerical results of ρ defined in Eq. (S43), which suggests that the DSM-FMI phase transition is continuous. As mentioned above, ρ is actually the fist-order derivative of the total energy per site over the model parameter V as ρ = 1 Ns ∂ Ĥ ∂V . At zero temperature and thermodynamic limit, if ρ diverges at the quantum phase transition point, then the phase transition is of first order. Otherwise if it's continuous, it suggests a continuous phase transition.
Numerical results of ρ for L = 3, 6, 9, 12, 15, 18 systems with 1.8t ≤ V ≤ 2.5t, which is around the DSM-FMI phase transition is shown in Fig. S6 . As system sizes increase, we can indeed obtain converged results of ρ . As shown in Fig. S6 , we can observe that ρ has very little changes (about 5 × 10 −4 ) from L = 15 to L = 18, indicating that ρ has almost reached its thermodynamic values. The converged ρ changes continuously in the chosen region around the DSM-FMI phase transition, suggesting a continuous quantum phase transition.
